We investigated the effects of chronic creatine (Cr) loading and voluntary running (Run) on muscle fiber types, proteins that regulate intracellular calcium and on the metabolic profile in rat plantaris, in order to ascertain the bases for our previous observations that Cr loading results in a higher proportion of myosin heavy chain (MHC)-IIb, without corresponding changes in contractile properties. Forty Sprague-Dawley rats were assigned to one of four groups: Cr+Sedentary (Cre-Sed); Cr+Run (Cre-Run); control+Sed (Con-Sed); Con+Run (Con-Run). Cre-Run, compared to Con-Run, resulted in 10% and 15% increases in proportion and cross-sectional area of type IIB fibres, and an 11% decrease in IIA fibres (P < 0.03). No differences were observed in content of the fast Ca
INTRODUCTION
Exercise training leads to structural, contractile, and metabolic changes in rodent skeletal muscles that enhance fatigue resistance and improve the efficiency of muscle contraction. Importantly, these molecular and physiological adaptations encompass the transformation of contractile proteins from fast to slower isoforms (1; 12; 30; 46; 62) and increased oxidative capacity (20; 30; 33; 55). Endurance exercise training of rodent muscles has been shown to induce myosin heavy chain (MHC) based fiber type transitions typified by increases in type I and IIA fibers and corresponding decreases in the fastest type IID/X and IIB fibers (20; 45). In a previous study, we showed (16) that muscle Cr loading attenuated running-induced fast-to-slow MHC-isoform transitions as determined by SDS-PAGE. Specifically, Cr loading prevented increases in MHCIIa and induced an increase in MHCIIb at the expense of MHCIId/x. Without detailed immunohistochemical analyses, however, it was not possible to discern if changes in the proportions of the various MHC-isoforms resulted from fiber type transitions within the fast type II subpopulations or from fiber specific hypertrophy or atrophy.
In that same study, we did not detect reductions in time-to-peak twitch tension (TTP), half-rise time (½ RT) or half-fall time (½ FT) despite a significant transition towards a faster muscle fiber phenotype. Expression levels of intracellular proteins that regulate calcium (Ca 2+ ) kinetics (i.e., Ca 2+ -ATPase isoforms and parvalbumin) can alter the properties of excitation-contraction-relaxation cycle, and could explain the apparent disconnect between contractile properties and muscle fiber phenotype. Green et al.
(19) reported substantial reductions in the content of the Ca 2+ buffering protein, parvalbumin, in rat fast-twitch muscle that paralleled the transformation of muscle fibers from fast-fatigable to a slow-oxidative phenotype after 15 weeks of endurance training.
Using another model of endurance training (e.g. chronic low frequency stimulation -CLFS), Pette and colleagues (10; 22; 26; 31; 37) reported similar reductions in parvalbumin content in several rodent models that also corresponded to fast-to-slow fiber type transitions and were found to correlate with prolongation of the excitationcontraction-relaxation cycle (10; 60). These (10; 19; 22; 26; 31; 37) and other related studies (23; 24; 31; 35; 36) also consistently showed activity-induced decreases in the fast Ca 2+ -ATPase isoform SERCA1 and increases in the slow SERCA2 isoform within rodent fast-twitch muscles.
Exercise-induced fast-to-slow fiber type transitions in rat are also accompanied by a shift from being primarily reliant on glycogenolytic ATP production to aerobic pathways of energy production (19; 20; 33). Maximal citrate synthase (CS) and 3-hydroxyacyl-CoA dehydrogenase (HADH) activities have been shown to be proportional to the maximum aerobic capacity, while phosphofructokinase (PFK) and glyceraldehyde phosphate dehydrogenase (GAPDH) activities consistently reflect glycolytic potential (45; 47).
The purpose of the present study was to determine whether enhancing the cellular energy status of the plantaris by chronic Cr feeding would allow this fast-twitch muscle to retain its fast-glycolytic phenotype after prolonged voluntary running. A secondary purpose was to investigate changes in the proteins that are known to regulate intracellular Ca 2+ kinetics in order to explain the apparent disconnect between muscle fiber types and isometric functional measures.
METHODS

Animals and care.
Forty male weanling Sprague-Dawley rats (3 weeks of age), which were part of a previous related study (16) , were examined in the present study.
All experiments were completed in accordance with the guidelines of the Canadian Council for Animal Care and received ethical approval from the University of Alberta Health Sciences Animal Welfare and Policy Committee. Animals were individually housed under controlled environmental conditions (22°C and 12-h alternating light and dark cycles), and ingested high protein rat chow and their assigned drinking solutions ad libitum. Body mass, food and solution intake were monitored throughout the study and are reported elsewhere (16) . TCr content of the plantaris muscles was elevated by 22% after 13 weeks of consuming a solution of 1% Cr and 5% dextrose ad libitum also as previously reported (16) .
Experimental design. A 13-week endurance running protocol on activity wheels (Wahmann Co., Baltimore, MD, USA) according to a procedure described by Morse et al. (41) and Gallo et al. (16) . Animals were randomly assigned to one of the following 4 groups (n=10 per group): Cre-Sed -creatine and sedentary; Cre-Run -creatine and voluntary running; Con-Sed -control and sedentary; Con-Run -control and voluntary running. The running groups had access to the wheels for 12 hr/day. There were no differences (P > 0.64) between Cre-Run and Con-Run groups with regard to daily or total distance ran throughout the study (16) . The creatine (Cr) groups were fed a 1% creatine solution (Createam, NutraSense Inc., Shawnee Mission, Kansas, USA) in 5% dextrose (Fisher-Scientific, Fairlawn, USA) while the control (Con) groups consumed a solution of 5% dextrose.
Muscle sampling. Upon completion of the study, muscles were collected under heavy anesthesia (45 mg/kg sodium pentobarbital IP, MTC Pharmaceutical, Cambridge, Ontario) according to Gallo et al. (17) . Plantaris muscles that were used for immunohistochemical analyses were isolated from the left hindlimb, weighed, fixed in a slightly stretched position, and frozen in melting isopentane (-156 o C). Plantaris muscles from the right hindlimbs were freeze-clamped using clamps that were prechilled in liquid N 2 , stored in liquid N 2 and subsequently used for biochemical analyses. Animals were euthanized with an overdose of sodium pentobarbital (100mg/kg), followed by exsanguination.
Antibodies for immunohistochemistry.
Monoclonal ATPase isoforms corresponded to a molecular weight of 110 kDa. All samples were evaluated in duplicate as described above.
Membranes were reprobed with polyclonal anti-Q-actin (1:2000) (Abcam), which served as the internal control, and further confirmed equal loading. Immunoreactivity of Q-actin was visualized as described above, after incubation with a biotinylated anti-rabbit IgG
(1:2,000 in blocking solution) (Vector Laboratories) and peroxidase-labeled streptavidin
(1:500 in blocking solution) (KPL). Maximal CS activity was subsequently measured at 30°C (52; 61). Maximal HADH activity was also determined at 30°C according to (3; 52) . Maximal PFK and GAPDH activities were immediately measured after homogenization at 30°C (3; 52).
Metabolic enzyme measurements.
Statistical analyses.
Data are normally distributed and are summarized as mean ± SEM. Differences between group means were assessed using a Two-Way Analysis of Variance. When a significant F-ratio was found, differences were located using the LSD post-hoc analysis for planned comparisons. Differences were considered significant at P<0.05, but actual P-values are cited.
RESULTS
Fiber type transitions. Fiber type transitions of the plantaris muscle were
assessed by semi-quantitative immunohistochemical analyses on serial sections (Fig. 1) in the deep, middle and superficial regions of each group, in order to ensure representative sampling. As shown in Fig. 2 , running increased the proportion of fibers expressing MHCIIa in both Cr (by 9%, P < 0.04) and Con (by 26%, P < 0.0003) groups; however, the increase was substantially lower in the Cr group (P < 0.02), indicating that the running-induced fiber type transitions were attenuated in the presence of Cr loading.
This was reinforced by the finding that the proportion of fibers expressing MHCIIb decreased by 15% (P < 0.004) in the Con-Run group compared with the Cr-Run group, which did not differ from its sedentary control. The proportion of fibers expressing
MHCIId/x was decreased to the same extent (by approximately 11%) in both the Cr-Run (P < 0.03) and Con-Run (P < 0.05) compared to their corresponding sedentary controls.
No changes were observed in the percentage of fibers expressing MHCI or in the proportions of the various hybrid fiber types.
Cross-sectional area. Figure 3 summarizes the CSA of all pure and hybrid fiber types. Running alone was associated with an increase in the CSA of all pure fiber types (Con-Sed vs. Con-Run) and hybrid type IIA/IID(X) fibers. The effects of Cr varied in response to the activity conditions. In the sedentary groups, Cr loading alone increased in the CSA's of type I, I/IIA, IID(X) and IIB fibers by 22%, 39%, 17%, 21%, respectively (P < 0.002). In the running groups, however, this trend was reversed. Cr loading combined with running was associated with decreases in the CSA of type IIA/IID(X), IID(X) and IIB fibers by 29%, 17% and 9%, respectively (P < 0.002). This resulted from a more advanced fiber type transition from IIB to IIA in the Con-Run (Fig. 4A ) group compared to Cre-Run (Fig. 4B) group.
Parvalbumin content. Figure 5A illustrates the immunoblot method used to quantify parvalbumin protein content. Parvalbumin content was highest in Con-Sed compared to all other groups ( ATPase isoform, SERCA1, content (Fig. 6B ). As expected, running alone resulted in a 43% increase in the slow Ca
2+
ATPase SERCA2 (Con-Sed vs. Con-Run, P < 0.005). Surprisingly, however, SERCA2, content was elevated by 41% (Con-Sed vs.
Cre-Sed, P < 0.03) in response to Cr loading alone (Fig. 7B) , and was further elevated by another 33% when Cr loading was combined with running (Cre-Sed vs. Cre-Run, P < 0.02).
Reference enzyme activities. All reference enzyme activities are summarized in Figure 8 . Enzyme activities in the plantaris are within ranges previously reported (2; 52). As expected, running alone increased the CS (Fig. 8A , P < 0.0001) and HADH ( Fig. 8B , P < 0.05) activities by 41% and 20%, respectively. In contrast, when Cr loading was combined with running, increases in the activities of CS and HADH did not occur ( Fig. 8A and 8B) . No significant differences were observed in the activities of the glycolytic reference enzymes GAPDH (P = 0.75) or PFK (P = 0.77) (Figs. 8C and 8D ). isoform transitions seen in our previous study (16) . Importantly, the immunohistochemical analyses allowed us to demarcate pure and hybrid fiber types, and to further conclude that running-induced MHC-isoform transitions were the result of fast-to-slower fiber type transitions within the fast subpopulations and not due to fiber specific hypertrophy or atrophy. In contrast, whilst higher levels of intramuscular Cr prevented the respective decreases and increases in the proportions of IIB and IIA fibers in response to running, greater MHCIIb content (16) also resulted from an increase in the CSA of type IIB fibers.
While the underlying mechanisms that account for our observations remain to be elucidated, there is considerable evidence that muscles which experience prolonged increases in TCr content benefit from an enhanced rate and capacity for high-energy phosphate shuttling during contractile activity (4; 65) . This is supported by recent studies, which showed that Cr loading more rapidly restored the ATP/ADP free ratio during recovery from contractile activity (14; 21). In contrast to the fast phenotype supported by Cr loading, muscle creatine depletion by the Cr antagonist betaguanidinopoprionic acid ( -GPA), disrupts high-energy phosphate shuttling (15) and results in muscle fiber atrophy (64) and transformation into a slow oxidative phenotype (15; 44; 54; 56). The Cr feeding induced changes observed in our study, and the -GPA induced changes reported by others, appear to act through alterations in intracellular Ca 2+ concentration.
In our previous study, Cr feeding alone did not alter the speeds of contraction (time to peak tension -TTP or ½ rise-time -½RT) or relaxation (½ fall-time -½ FT) in the plantaris muscle, despite maintaining a faster muscle fiber phenotype (16) . This indicates an apparent disconnect between the MHC-based fiber phenotype and the corresponding contractile properties, which appears to be primarily related to the adaptive changes within proteins known to regulate intracellular calcium (see below).
Other factors that influence contractile properties independent of MHC and account for slower contraction speed may include variations in the isoforms of troponin T or myosin light chain (MLC). Leeuw and Pette (38; 39) reported that troponin T isoforms and myosin light chain (MLC) isoforms could exist in atypical combinations within stimulated
fast-twitch rabbit muscles and influence contractile properties. For example, earlier onset of the fast-to-slow transition of the regulatory light chains and delayed fast-to-slow exchange of the alkali light chains can generate a spectrum of hybrid combinations.
Additionally a reduction in the MLC 3f to MLC 2f ratio could also lead to decreased speeds of contraction (6; 7; 40), and account for our observations.
Calcium Regulatory Proteins.
To our knowledge, we are the first to report the effects of Cr loading on the levels of protein expression involved in intracellular calcium regulation. Previous studies showed that the pattern of SERCA isoform expression is under the control of various factors including changes in contractile activity (48) and active loading (29). Bigard and colleagues (5) using cyclosporin A, a calcineurin inhibitor, showed that the expression of SERCA and MHC isoforms can be co-regulated by calcineurin, and that a strong co-expression of SERCA1 with fast MHC isoforms and SERCA2a with MHCI was found in the soleus but not in the plantaris. An explanation for this disparity may be related to the idea that distinct subsets of MHC-typed fibers are differentially sensitive to neural activation cues mediating the cellular expression of these proteins (13) . On the other hand, Zador et al. (66; 67) showed that overexpression of the calcineurin inhibitor CAIN, or partial tenotomy prevented the expression of MHCI in regenerating soleus while slow SERCA2 expression remained elevated. These findings reveal that the regulation of SERCA2 expression is distinct from that of the slow myosin, and that it may be modulated by neuronal activity but is not entirely dependent on it.
The results of the present study also display similar asynchronous changes in the proportion of type I fibers and SERCA2 content. Running alone did not increase the proportion of type I fibers but SERCA2 was significantly increased by 60% (Fig. 7) ; however, this did correspond to a substantial increase in type IIA fibers. Cr feeding and running further elevated slow SERCA2 content while the fast-to-slow fiber type transition was attenuated. Interestingly, while Cr feeding alone did not alter the pattern of fiber types, SERCA2 content was remarkably elevated. Thus our data, also clearly show that SERCA2 expression is not tightly linked to slow fiber types. The elevation of SERCA2 in response to Cr feeding alone may be related to increases in anti-apoptotic proteins, such as Bcl-2, which have been shown to increase the stability of SERCA2 mRNA and protein (32). Although a casual link remains to be established between the expression of anti-apoptotic proteins and anti-oxidants, it is interesting to speculate that signaling may be initiated by the anti-oxidant properties of Cr (34).
Similarly, several investigations have suggested that expression of the cytosolic calcium buffering protein, parvalbumin, is under neural control. Denervation (22) reduces parvalbumin in rat fast-twitch muscles, while cross-reinnervation (42) 
